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Abstract 


“The  low-temperature  photoluminescence  spectra  of  several  mercuric  iodide 
detectors  and  off-stoichiometric  bulk  material  have  been  characterized.  Phonon 
energies  have  been  determined  with  Raman  spectroscopy  over  a  range  of 
temperatures.  In  earlier  work  some  of  the  near-bandgap  photoluminescence  features 
were  identified  as  phonon  replicas.  After  careful  examination  of  Raman  and 
photoluminescence  data,  we  find  that  one  or  perhaps  more  of  these  features  are 
probably  due  to  shallow  electronic  levels  related  to  native  defects.  Suggestions  as  to 
the  relationship  between  photoluminescence  peaks  and  detector  quality  are  made. 
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Introduction 


^Mercuric  iodide  is  of  interest  because  it  is  a  high-Z  material  suitable  for 
applications  in  nuclear  radiation  detection.  It  has  an  advantage  over  the  more 
commonly  used  silicon  and  germanium  detectors  in  that,  with  its  larger  bandgap,  it  can 
be  operated  at  room  temperature.  However,  several  problems  exist  in  using  it  for 
fabricating  nuclear  detectors,  an  outstanding  one  being  process  control  during 
fabrication. 

—  k  y.>. — , 

The  quality  of  the  material  and  the  detectors  shows  wide  variation.  Different 
detectors  made  out  of  material  from  the  same  crystal  can  perform  very  differently  [1]. 
As  yet  there  are  many  unanswered  questions  as  to  the  electronic  entities  which  cause  a 
detector  to  perform  poorly.  Work  has  been  done  using  thermally  stimulated  current 
(TSC)  techniques  to  identify  deep  traps  [2],  and  attempts  have  been  made  to  relate 
traps  to  process  conditions  and  stoichiometry  [3]. 

Wu  et  al.  [4]  and  Merz  et  al.  [5]  performed  low-temperature  photoluminescence 
measurements  in  an  attempt  to  establish  a  connection  between  the  stoichiometry  and 
impurity  content  of  the  material  and  its  photoluminescence  spectrum.  They  suggested 
relationships  between  broad  photoluminescence  peaks  of  energies  substantially  lower 
than  the  band  gap  and  impurity  content  and  non-stoichiometry,  and  also  observed 
detailed  structure  near  the  band-edge  energy.  Following  up  earlier  work  by  Novikov 
and  Pimonenko  [6],  they  reasserted  the  interpretation  that  the  near-bandgap  structure 
is  composed  entirely  of  four  exciton  lines  and  their  phonon  replicas. 

Several  Raman  studies  have  been  done  on  mercuric  iodide  for  reasons  not  related 
to  its  applications  in  radiation  detection.  Understanding  of  the  well  known  phase 
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transition  which  it  undergoes  at  400  K  has  been  the  motivation  for  a  number  of  Raman 
scattering  measurements  on  the  material.  Hence,  the  phonon  energies  of  mercuric 
iodide  at  room  temperature  and  above  are  well  documented.  Two  of  the  four  most 
commonly  quoted  Raman  (optically)  active  phonon  modes  in  red  mercuric  iodide  [7] 
roughly  correspond  to  the  phonon  energies  quoted  in  the  photoluminescence  work 
mentioned  above. 

Most  of  the  work  done  to  date  on  characterising  traps  and  defects  in  mercuric 
iodide  has  been  with  Hgl9  bulk  crystals.  In  the  present  study,  we  use 
photoluminescence  and  Raman  scattering  at  low  temperatures  (ranging  from  4.2  K  to  78 
K)  to  study  actual  detectors  of  varied  quality  and  compare  the  results  with  specimens  of 
bulk  material  we  have  reason  to  believe  to  be  non-stoichiometric.  In  this  way  we  have 
attempted  to  identify  shallow  levels  in  the  material  which  are  introduced  in  the  detector 
processing  and  have  some  effect  on  detector  performance. 


Experimental  method 

Measurements  were  made  on  two  categories  of  specimens  :  fully  processed 
detectors  and  bulk  material.  The  detectors  were  made  from  slices  cut  from  bulk 
crystals  which  were  then  etched  and  polished.  Palladium  contacts  were  evaporated  onto 
both  sides  of  each  slice,  and  the  devices  were  then  assessed  in  terms  of  their  response  to 
662-keV  radiation  from  a  137Cs  source,  graded  in  quality  in  terms  of  energy  resolution 
and  peak  to  valley  ratio  and  classified  as  either  A,  B,  C  or  D  type,  with  the  A  group 
being  detectors  of  highest  quality.  A  fuller  description  of  the  crystal  growth, 
fabrication,  testing  and  classification  of  the  detectors  used  in  the  experiments  is 
described  in  ref.  [  1  ] . 


One  bulk  material  sample  studied  was  a  specimen  of  poor  quality  material,  this 
being  material  that  produced  detectors  that  were  all  either  grade  C  or  D.  We  also 
studied  Hgl2  crystals  that  were  grown  off  stoichiometry.  Iodine  rich  or  iodine  deficient 
specimens  were  obtained  by  using  starting  material  in  the  crystal  growth  process  with 
either  an  iodine  rich  or  poor  content.  The  colour  of  the  material  that  condenses  on  the 
side  walls  of  the  ampoule  used  in  the  crystal  growth  and  the  colour  of  the  gas  within 
this  ampoule  are  used  as  qualitative  measures  of  the  iodine  content;  that  is,  a  deeper 
hue  of  reddish-pink  indicates  more  iodine  in  the  Hgl2  crystals.  (In  a  separate 
experiment  we  added  excess  iodine  to  the  starting  material  and  verified  that  there  was 
an  increased  reddish-pink  colour  of  the  gas  and  condensed  material  in  the  ampoule.) 
The  iodine  rich  and  iodine  poor  specimens  selected  for  this  work  showed  the  greatest 
and  least  reddish-pink  hue  among  a  group  of  many  different  Hgl„  crystals.  Although 
the  bulk  stoichiometry  is  different  for  our  iodine  rich  and  poor  samples,  we  would  like 
to  point  out  that  there  is  no  clear  evidence  that  surface  and  bulk  stoichiometry  is  the 
same,  especially  after  the  processing  steps  required  for  detector  fabrication  [1,2]. 

The  optical  excitation  source  used  for  the  photoluminescence  measurements  was 
an  argon  laser  operating  at  5145  angstroms.  The  photoluminescence  was  analysed  with 
a  Spex  1404  double  pass  spectrometer  with  entrance  and  exit  slit  widths  set  at  1mm. 
This  corresponds  to  a  resolution  of  about  4  angstroms  in  the  wavelength  range  of 
interest.  A  cooled  (77  K)  S-l  response  photomultiplier  was  used  as  a  detector.  The 
laser  light  excitation  was  chopped  at  750  Hz,  and  the  photomultiplier  output  was 
coupled  via  a  Keithlev  427  current  amplifier  to  an  EG&G  5207  lock-in  amplifier. 

The  photoluminescence  was  collected  from  the  front  surfaces  of  the  detector 
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specimens.  In  nuclear  radiation  detection,  the  radiation  to  be  sensed  is  absorbed 
throughout  the  entire  detector,  but  charge  collection  is  at  the  front  and  back  surfaces. 

Hainan  spectroscopy  was  used  to  determine  the  optical  phonon  energies.  The 
Raman  measurements  were  carried  out  using  an  experimental  set  up  essentially  identical 
to  that  described  above  for  the  photoluminescence  measurements,  but  with  laser 
excitation  from  a  dye  laser  operating  at  a  wavelength  of  8300  angstroms. 

Experimental  results  and  discussion 

a)  Raman  measurements 

We  have  used  Raman  scattering  to  measure  the  energies  of  three  optical  phonons 
corresponding  to  what  have  been  called  longitudinal  phonons  LO^  L02  and  L03  in  the 
literature  [8].  To  determine  the  phonon  energy  values  applicable  to  our  particular 
samples  in  conditions  similar  to  the  experimental  conditions  under  which  the 
photoluminescence  spectra  were  taken,  a  set  of  Raman  measurements  were  made  on  a 
bulk  specimen  at  4.2  Iv,  30  K  and  78  K.  The  LOg  phonon  was  observed  at  an  energy  of 
14.2  meV  with  a  spread  of  ±0.03  meV  in  energy  value  over  three  different  runs.  The 
L02  phonon  was  found  to  have  an  energy  of  3.9  meV  at  4.2  and  30  K.  Room 
temperature  measurements  showed  the  L01  phonon  to  have  an  energy  of  2.2  meV.  The 
discussion  which  follows  centres  around  the  LOg  phonon,  and  we  will  take  the  relevant 
energy  for  this  phonon  to  be  14.2  meV  with  an  error  margin  of  ±0.05  meV.  This 
energy  value  is  independent  of  temperature  for  the  temperature  range  over  which  the 
photoluminescence  experiments  were  conducted  (4.2  K  to  30  K). 

Previous  Raman  studies  at  room  temperature  reported  energy  values  for  these 


W) 


three  phonons  ranging  from  14.1  meV  to  14.4  meV  (L03);  3.6  meV  to  4.0  meV  (L02); 
and  2.1  meV  to  2.6  meV  (LOj)  [7,9,10].  The  LOj  phonon  and  L03  phonons  correspond 
respectively  to  the  TO  and  LO  phonons  referred  to  in  [5]  and  [6]. 

b)  The  photoluminescence  spectra 

Figs,  la  and  lb  show  photoluminescence  spectra  taken  at  4.2  K  for  two  detector 
and  three  bulk  material  specimens.  All  the  spectra  have  similar  features  -  a  main  peak 
at  about  5320  angstroms  with  a  shoulder  on  its  shorter  wavelength  side  and  a  series  of 
smaller  peaks  immediately  to  its  longer  wavelength  side.  These  comprise  what  Merz  et 
al.  [5]  designate  as  Band  1.  Following  the  same  notation,  Band  2  can  be  seen  at  about 
5590  angstroms.  Band  3,  a  broad  peak  at  6200  angstroms,  is  not  shown  in  these  spectra 
but  was  observed  to  be  present  in  the  spectra  of  many  of  the  specimens,  though  at  very 
low  intensities  compared  to  Band  1.  Typically  Band  3  was  reduced  by  at  least  one  and  a 
half  orders  of  magnitude  compared  to  Band  1  at  77  K,  and  it  was  even  less  apparent  at 
4.2  K.  Merz  et  al.  suggested  that  this  band  is  impurity  related,  and  if  this  is  the  case, 
the  specimens  used  for  the  measurements  reported  in  this  paper  are  relatively  free  of 
these  impurities. 

The  bandgap  of  mercuric  iodide  at  4.2  K  has  been  optically  determined  to  be  5230 
angstroms  (2.3707  eV)  [8].  Fig.  2  is  a  spectrum  showing  the  near  band  edge  structure 
for  one  of  the  detector  specimens.  In  the  figure  we  define  a  new  notation,  which  is 
introduced  to  avoid  the  referencing  of  peaks  in  terms  of  phonon  replicas,  as  is  employed 
by  both  Merz  et  al.  [5]  and  Novikov  and  Pimonenko  [6].  The  average  peak  positions  at 
4.2  K  were  extracted  from  sixteen  spectra  taken  from  five  different  detector  and  bulk 
material  specimens  and  these  are  listed  in  table  1.  It  can  be  seen  from  table  1  that  each 


of  our  peaks  Pi  through  P9  correspond  to  features  reported  in  references  [5]  and  [6]. 

c)  A  closer  examination  of  the  near-bandgap  photoluminescence 

The  spectra  of  fig.  la,  and  others  taken  in  the  course  of  these  experiments, 
indicate  that  one  difference  between  A  (’good’)  detectors  and  D  (’poor’)  detectors  is  that 
the  peaks  P5,  P6,  P8  and  (occasionally)  P9  tend  to  be  more  pronounced  in  the  D 
detectors,  relative  to  the  P3  intensity  (these  peaks  having  up  to  an  order  of  magnitude 
greater  relative  intensity  in  D  detectors).  The  ’bad’  material  is  similar  to  the  D 
detectors  in  this  respect. 

Fig.  lb  shows  that  the  iodine  deficient  specimen  is  also  similar  to  D  detectors  in 
having  large  P5,  P6  and  P8  peaks,  and  that  the  iodine  rich  material  shows  large  P5,  P6, 
P8  and  P9  peaks.  The  iodine  deficient  and  iodine  rich  bulk  specimens  also  show  other 
enhanced  peaks  between  P9  and  Band  2  which  may  perhaps  be  related  to  non¬ 
stoichiometry.  This  paper  will,  however,  focus  primarily  on  the  P5,  P6  and  P8  peaks. 

We  have  already  reported  that  in  78  K  luminescence  spectra,  a  shoulder  at 
approximately  5424  angstroms  is  indicative  of  detector  quality,  this  feature  being 
prominent  in  poor  detectors  [l ].  Fig.  3  shows  a  set  of  photoluminescence  spectra  taken 
at  different  temperatures  for  a  D  detector,  clearly  indicating  that  the  shoulder  to  the 
lower  energy  side  of  the  main  peak  at  78  K  corresponds  to  the  P8  peak  in  the  4.2  K 
spectra. 

Novikov  and  Pimonenko  [6]  identify  the  peaks  we  label  P6  and  P8  as  1L03  and 
2L03  replicas  of  P3  respectively,  and  they  identify  P5  as  a  1L03  replica  of  Pi.  Merz  et 
al.  [5]  also  subscribe  to  this  idea.  It  seems  unlikely  however  that  phonon  replicas  would 
vary  widely  in  magnitude  relative  to  their  no-phonon  lines  from  specimen  to  specimen 
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and  be  more  pronounced  in  poor  quality  material. 


Table  2  lists  peak  separation  values  as  determined  in  our  experiments  and  also  as 


extracted  from  data  reported  in  [5]  and  [6].  Data  from  the  present  work  listed  in  table 


2  was  obtained  by  taking  averages  of  the  separations  of  peaks  as  they  appeared  in  nine 


different  photoluminescence  spectra.  The  P3  -  P8  separation  appears  too  small  to  be 


accounted  for  as  a  2LCL  phonon  replica  :  Our  data  shows  this  separation  to  be  27.3 


meV  with  a  <rn  l  margin  of  0.1  meV.  From  the  Raman  data,  however,  the  2LCL  phonon 


energy  equals  28.4  meV  with  an  error  margin  of  0.1  meV.  There  is  no  similar  difficulty 


with  the  P3  -  P6  separation  that  we  have  measured.  This  argument  is  based  on  the 


assumption  that  the  peak  P3  has  its  origin  in  some  direct  electronic  transition  —  Raman 


measurements  yield  phonon  energies  of  zone  centre  phonons.  Mercuric  iodide  has  been 


identified  as  an  indirect  bangap  material  ([ll],{l2]).  Nevertheless,  there  are  grounds  for 


identifying  P3  as  corresponding  to  a  direct  transition  and  this  will  be  discussed  in 


subsection  (d). 


To  confirm  the  supposition  that  P8  is  not  a  phonon  replica  of  P3,  a  number  of 


temperature  varied  photoluminescence  spectra  were  taken.  Given  that  the  Raman 


measurements  verified  the  fact  that  phonon  energies  are  independent  of  temperature 


over  the  range  4.2  K  to  78  K,  it  follows  that  the  separation  between  a  no-phonon  line 


and  its  phonon  replica  will  remain  constant  as  the  temperature  is  varied  between  these 


limits.  Care  was  taken  to  choose  a  position  on  each  specimen  which  gave  a  spectrum  in 


which  the  main  peak  was  unequivocably  P3  :  Novikov  and  Pimonenko’s  X„  peak  [6j. 


These  authors  point  out  that  with  some  specimens  the  X0  peak  was  predominant  and  in 


others  the  peak  they  designate  as  Xx  (P2),  situated  at  some  four  angstroms  to  the  longer 


wavelength  side,  was  the  principal  peak.  Spectra  were  taken  at  different  temperatures 
without  changing  the  specimen  position  or  optical  alignment.  Data  was  obtained  in  the 
wavelength  domain  (the  spectrometer  has  a  constant  wavelength  window  width)  and 
then  mapped  numerically  onto  the  energy  domain.  The  main  peak  energy  for  each 
spectrum  was  subtracted  to  give  sets  of  graphs  defining  peak  positions  in  terms  of 
energy  distance  from  the  main  peak  P3.  Examples  of  these  graphs  are  shown  in  figs.  4a 
and  4b  which  show  the  results  for  an  A  detector  and  for  the  iodine  deficient  material 
respectively.  It  can  be  seen  from  these  graphs  that  in  "both  cases  the  P3  -  P8  separation 
does  vary  with  temperature. 

The  spectra  in  figs.  4a  and  4b  show  that  the  position  of  P6  is  more  or  less 
constant  with  respect  to  P3  for  the  different  measurement  temperatures,  as  far  as  can 
be  ascertained  given  the  limitation  that  at  higher  temperatures  P6  is  a  small  peak  on  a 
falling  slope. 

The  distortion  of  the  shape  of  P8  with  increased  temperature,  as  can  be  seen 
clearly  in  fig.  4a,  warrants  consideration.  It  could  be  that  the  nature  of  the  transition 
which  is  the  origin  of  P8  is  such  that  it  is  asymmetric  in  wavelength  at  raised 
temperatures.  Another  possibility  is  that  P8  is  in  fact  a  composite  peak  and  that  one  of 
its  components  strengthens  with  temperature.  This  to  some  extent  compromises  the 
observation  that  P8  shifts  with  respect  to  P3  with  rising  temperature.  Nevertheless,  it 
still  remains  true  that  there  is  some  element  of  P8  which  is  not  merely  phonon 
replication  of  P3  and  which  is  indicative  of  material  quality. 

The  spectra  of  figs.  4a,  4b  and  other  sets  of  spectra  taken  in  the  course  of  the 
experiments  showed  that  while  P8  strengthened  monotonically  with  increasing 


temperature,  P3  decreased  in  magnitude  with  temperature.  The  exciton-todefect 
binding  energy  is  of  the  order  of  10  meV  [6],  far  larger  than  thermal  energy  kT  in  the 
range  4.2  to  30  K.  Hence,  it  would  be  expected  that  the  degree  of  phonon  coupling 
would  be  essentially  independent  of  temperature  over  this  range,  and  that  a  phonon 
replica  would  have  a  more  or  less  constant  magnitude  relative  to  its  no-phonon  line  for 
different  temperatures.  This  provides  further  evidence  that  there  is  at  least  some 
component  of  P8  which  is  not  a  phonon  replica  of  P3. 

d)  The  question  of  whether  P3  corresponds  to  a  direct  transition 

Chester  and  Coleman  [ll]  performed  electroabsorption  measurements  on  mercuric 
iodide  to  find  that  the  field  dependence  of  the  major  electroabsorption  peak  at  88  K 
and  300  K  followed  a  power  law  corresponding  closely  to  the  theoretical  formula  for 
indirect  transitions.  Yee  et  al.  [12]  derived  the  band  structure  theoretically  using  the 
pseudopotential  technique  and  also  arrived  at  the  conclusion  that  the  bandap  of  Hgl2  is 
indirect. 

On  the  other  hand  the  4.2  K  absorption  spectrum  reported  by  Novikov  and 
Pimonenko  [6]  is  strongly  indicative  of  direct  bandgap  material.  Clear  peaks 
corresponding  to  the  ground  state  and  first  two  excited  states  in  the  free  exciton  series 
are  resolved.  For  indirect  transitions  it  would  be  expected  that  the  exciton  states  would 
give  rise  to  a  continuous  absorption  since  phonons  can  be  found  to  give  transitions  for 
all  crystal  momentum  values  [13].  It  would  thus  appear  that  the  free  exciton  peaks 
observed  in  Novikov  and  Pimonenko’s  absorption  and  photoluminescence  spectra 
correspond  to  direct  transitions.  The  separation  between  P3  and  the  direct  ground  state 
free  exciton  in  their  work  corresponds  to  an  exciton-to-defect  binding  energy  of  10.7 


meV.  Novikov  and  Pimonenko  plotted  the  intensity  of  the  P3  luminescence  against 
temperature  to  arrive  at  a  P3  exciton-to-defect  binding  energy  close  to  this  value  [14] 
(12  meV).  This  implies  that  P3  corresponds  to  a  direct  transition. 

In  the  present  work  it  was  found  that  P3  and  sometimes  P2  dominated  the 
photoluminescence  spectra  at  4.2  K,  being  more  than  an  order  of  magnitude  stronger 
than  the  other  peaks  in  most  spectra.  P3  corresponds  to  a  transition  involving  an 
exciton  bound  to  a  defect  with  an  exciton-to-defect  binding  energy  (Egx)  :  Exciton 
binding  energy  (Ex)  ratio  of  about  0.4  (computed  from  values  given  in  [6,14]).  Dean  [15] 
suggested  on  empirical  grounds  that  a  measure  of  the  strength  of  phonon  coupling  for 
any  given  bound  exciton  in  an  indirect  material  is  given  by  Efix/Ex.  Weakly  bound 
excitons  (small  Egx/Ex)  demonstrate  strong  phonon  coupling.  An  example  of  a  "weakly 
bound"  exciton  in  an  indirect  bandgap  material  is  the  nitrogen-exciton  line  in  SiC  with 
an  Egx/Ex  ratio  of  about  0.74  (computed  from  data  in  [16])  which  has  phonon  replicas 
of  magnitudes  slightly  greater  than  the  no-phonon  line  in  6  Iv  photoluminescence 
spectra  [17].  The  absence  of  similarly  strong  phonon  replication  of  P3  in  mercuric 
iodide  further  implies  that  P3  corresponds  to  a  direct  transition. 


Summary 

We  have  obtained  data  which  indicates  that  phonon  energies  are  temperature 
independent  at  low  temperatures,  and  have  suggested  suitable  values  and  error  margins 
for  these  phonon  energies  over  the  temperature  range  4.2  K  to  30  K.  Our  data,  coupled 
with  other  observations,  indicates  that  P8  is  not  a  phonon  replica  of  P3,  contrary  to 
what  has  been  reported  in  previous  work. 

The  fact  that  P5  and  P8  are  enhanced  in  both  iodine  deficient  and  iodine  rich 
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material  suggests  that  they  may  be  related  to  material  non-stoichometry.  While  we 
have  not  succeeded  in  disproving  the  idea  that  P6  is  a  phonon  replica  of  P3,  we  have 
shown  that  this  conjecture  has  some  shortcomings.  Hence,  the  possibility  that  P6  may 
be  related  to  non-stoichiometry  in  a  manner  similar  to  P5  and  P8  should  also  be 
considered. 

Referring  back  to  figs,  la  and  lb,  the  qualitative  similarities  in  the  spectra  of  the 
iodine  deficient  material,  the  iodine  rich  material,  and  the  D  detector  (poor  quality) 
spectra  suggest  that  crystal  growth  which  results  in  either  bulk  or  local  non¬ 
stoichiometry  is  unlikely  to  produce  material  which  can  be  made  into  high  quality 
detectors.  It  would  in  fact  appear  that,  whatever  the  origin  of  peaks  P5,  P6  and  P8, 
any  process  which  results  in  material  which  has  a  photoluminescence  response  that 
shows  any  or  all  of  these  peaks  strongly  is  to  be  avoided.  In  [l]  it  was  reported  that 
detectors  made  by  evaporation  of  palladium  contacts  onto  slices  from  the  same  crystal 
which  might  accordingly  be  expected  to  be  similar  in  quality  did  in  fact  show  a  very 
wide  difference  in  performance.  Auger  spectroscopy  has  shown  that  stoichiometry 
changes  occur  when  Hgl0  is  exposed  to  vacuum  [18].  It  would  thus  seem  that  the  steps 
involved  in  laying  down  palladium  contacts  for  the  fabrication  of  detectors  from  bulk 
material  may  in  some  cases  introduce  local/surface  non-stoichiometry  which  can  have 
an  adverse  effect  on  detector  performance. 
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Table  I  :  Photoluminescence  peak  positions  and  standard  deviations  of  average  peak 
positions.  P2  position  estimated  from  2  spectra.  P5'  position  based  on  single  spectrum. 
PI  position  as  read  without  correction  for  PI  lying  on  a  steep  slope.  The  true  PI  position 
is  about  1  angstrom  less  than  its  tabulated  value. 
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Table  II  :  Photoluminescence  peak  separations  and  standard  deviations  of  ^eak  separa¬ 
tions. 
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Figure  la.  Photoluminescence  spectra  of  detectors  and  detector  material 


T  =  4.2  K 


P3 
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Figure  3.  Photoluminescencc  spectra  at  different  temperatures  for  a  D  detector.  With 
rising  temperature  the  peaks  P.'S  and  P6  merge  with  the  main  peak  P3  to  broaden  it. 
Peak  P8  forms  a  shoulder  which  also  appears  in  liquid  nitrogen  77  K  spectra. 
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